gles. These abnormal deposits accumulate in the brain and lead to decreased neuronal connections and neuronal atrophy, largely in parts of the temporal lobe system such as the hippocampus and neocortex (Lendon et al., 1997).
fragments) and that PS1 is required for further cleavage ronal marker, NeuN ( Figure 2E ). Our quantitative analysis revealed no statistically significant difference in either of these APP-CTFs at the ␥-secretase site to produce A␤ peptides. PS1 deficiency is associated with increased newborn neurons or newborn glial cells between FB-KO and control mice ( Figures 2F and 2G ). accumulation of APP-CTFs and diminished A␤ production. We determined whether APP-CTF accumulates in the forebrain regions of FB-KO mice by Western blots.
Deficiency of Enrichment-Induced Neurogenesis In comparison to APP-CTF levels in control mice, we in FB-KO Mice observed that the level of APP-CTF was dramatically An enriched experience is known to promote structural elevated in the cortex and the hippocampus, but not in growth (Rosenzweig, 1966 in an enriched environment for 3 hr a day for 2 weeks; (Bayer et al., 1997). Thus, we decided to examine the these animals are termed "enriched mice." We changed level of CTF derived from the APP homolog APLP1-CTF.
various toys, spin wheels, small tunnels, and houses Indeed, we observed a similarly marked accumulation every day to stimulate exploration. During the last 4 days of APLP1-CTF in the cortex and the hippocampus, but of enrichment, the animals were injected with BrdU twice not in the cerebellum (data not shown). Therefore, our daily at a 2 hr interval, and then the animals were sacridata not only demonstrate that PS1 is essential for the ficed and perfused 12 hr after the last BrdU injection. processing of APP and APLP1 in the adult brain, but "Naive mice" (10-to 12-month-old males) were not subalso provide further in vivo functional verification for the jected to enriched environments and were kept in labooccurrence of the region-specific PS1 knockout in the ratory cages. Indeed, we found that our enrichment pro-FB-KO mice.
tocol resulted in robust increases in BrdU-positive cells in the dentate gyrus of control mice (6-fold over basal levels) and FB-KO mice (4. Figure 3C ). natal knockout of PS1 altered the number of neurons We performed double labeling to further classify the in the FB-KO brain. We focused on the hippocampal newborn cells into glial cells and neurons. Our analysis dentate gyrus and conducted quantitative cell counting.
revealed that the number of newborn neurons in FB-KO We found that the total cell densities were the same dentate gyrus was 34% less than that of the control between FB-KO and control mice ( Figure 2C ). mice (p Ͻ 0.05; Figure 3D ), suggesting that PS1 function Because the dentate gyrus of the hippocampus has is important for enrichment-induced neurogenesis in the the highest levels of neurogenesis in the mammalian adult dentate gyrus. We saw no difference between FB-KO brain (Altman and Das, 1965; Kaplan and Hinds, 1977;  and controls in newborn glial cells ( Figure 3E ). Kornack and Rakic, 1999), we decided to measure the We then examined the spatial distribution of nascent number of newborn cells in the dentate gyrus of the neurons within the dentate gyrus. The majority of newadult mouse brain. To label those cells, we injected BrdU born neurons were located in the subgranular zone (100 mg/kg of body weight) intraperitoneally twice daily (SGZ), the proliferative zone in the dentate gyrus. There (2 hr apart) into five FB-KO and five wild-type littermates were 39% less newborn neurons in SGZ of FB-KO mice (10-to 12-months-old) for 4 consecutive days. The anithan in the control mice (p ϭ 0.028; Figure 3F ). We also mals were sacrificed and perfused 12 hr after the last found a significant difference in the molecular layer, BrdU injection. We found that BrdU-labeled cells were where there were 48% less newborn neurons in FB-KO noticeable in the dentate gyrus but at low numbers (Fig- mice (p Ͻ 0.05; Figure 3H ). Therefore, our results show ure 3A). Our quantitative analysis revealed no significant that loss of PS1 leads to a significant deficiency in endifferences in the densities of BrdU-labeled cells in the richment-induced neurogenesis in FB-KO mice. dentate gyrus ( Figure 2D) . Moreover, our analysis within subregions (the hilus, the granular cell layer, and the molecular layer) of the dentate gyrus also showed no Electrophysiological Measurements of FB-KO Mice differences between BrdU-positive cells in FB-KO and control mice (data not shown).
Observations of adult neurogenesis in the dentate gyrus and other regions of the brain have led to a number of We further determined the role of PS1 in the differentiation of nascent cells into glial cells and neurons in the interesting functional hypotheses that for the most part remain untested. We decided to use our FB-KO model dentate gyrus. We employed a double-labeling technique (Liu et al., 1998) to distinguish newborn glial cells to examine whether deficient neurogenesis would have any appreciable effect on synaptic plasticity and learnfrom neurons using antibodies against an astroglial marker, glial fibrillary acidic protein (GFAP), and a neuing behaviors. We measured synaptic responses and analysis of the physiological data were done blind to voltage-gated channels that determine rates of impulse conduction and the duration of postsynaptic currents. genotype.
Baseline synaptic responses were evaluated by three We then examined the short-term plasticity elicited by paired-pulse stimulation. It has been shown that dentate parameters that characterized input/output (i/o) relationships and two that related to response time course.
granule cell response to MPP input characteristically exhibits paired-pulse depression (McNaughton, 1980; More specifically, we measured (1) stimulus thresholds for elicitation of granule cell (GC) population spikes, (2) Colino and Malenka, 1993) . Our responses to stimulation applied to the mid-s. moleculaire displayed paired-pulse the amplitudes of field EPSPs elicited in the stratum moleculaire (s. moleculaire) by stimulation at this level, depression, consistent with our interpretation that such stimulation specifically activated MPP input. This de-(3) the level of stimulation that elicited a half-maximal field EPSPs (field EPSPs that were half the amplitude pression of field EPSPs diminished from ‫%53ف‬ to 20% as interstimulus intervals (ISI) were increased from 20 of those elicited by stimulation at the GC population spike threshold), (4) the latency of field EPSPs at 90% ms to 60 ms, and it persisted at the 20% level as the ISI was further increased to 80 and 100 ms. Control of peak (latency-to-peak), and (5) the durations of these potentials at half amplitude (field EPSP half-width). We and FB-KO mice exhibited statistically indistinguishable patterns of this short-term plasticity ( Figure 4D ). observed no significant differences in the means for any of these parameters between genotypes (Table 1 Figure 4C ). This suggests that PS1 deletion did not produce any gross alterations in membrane excitmined from the initial 0.8-1.5 ms of response waveforms), we observed no statistically significant differences ability, the baseline efficacy of glutamatergic neurotransmission, or the kinetic properties of ligand-and among any of the four experimental groups ( Figure 4E ; learning of FB-KO mice was further confirmed in the transfer test conducted on day 7, as indicated by strong In a parallel analysis, the same conclusion was reached based on examination of peak amplitudes (data not preference toward the target quandrant ( Figure 5D ), suggesting normal water maze learning in FB-KO mice. shown). As a further test, we also compared the i/o relationships between the four experimental groups 45
Finally, we conducted fear conditioning tests in naive FB-KO and control mice. In the hippocampal-dependent min post-HFS and again found that no differences in mean were statistically significant ( Figure 4F ; one-way contextual fear conditioning test, the mice learned to fear the environment associated with an aversive stimu-ANOVA test and two-tailed t test; all, p Ͼ 0.05).
Therefore Similar to the results in the contextual conditioning, we ers were blind to the genotype of the animals throughout the experiments. We used three hippocampal-depenfound no significant difference in the freezing response measured 24 hr after training between these two naive dent tasks and one hippocampal-independent behavioral task to assess general functions of learning and groups ( Figure 5F ). The above experiments on naive mice suggest that the loss of PS1 in the forebrain regions memory in naive FB-KO mice and their control littermates.
had no significant effect on the performance of the learning and memory tasks tested here. We first tested the naive mice in a novel object recognition test ( ). We conducted exploratory preference was measured. Moreover, as shown in Figure 5B , both genotypes exhibited signifithe same set of behavioral tests on another group of FB-KO and control mice that had been subjected to 2 cant exploratory preferences for the novel object in the day 1 and the day 3 tests, but not in the day 5 test. This weeks of daily enrichment (3 hours/day) prior to behavioral training and tests (pre-learning-enriched group). indicates that FB-KO mice have normal object recognition memory.
Our previous studies showed that enrichment enhances memory function in the novel object recognition Next we measured the behavioral performance of the mice in the hidden-platform water maze. We found that test in young adult mice ( Figures 6C and 6D ), suggesting our animals were much older (11-to 16-months-old), our observation is consistent with the many reports that the effectiveness of prelearning enrichment in promot- (A) One day retention of novel object recognition memory in FB-KO and control mice after 2 weeks of prelearning enrichment. No enhancement was detected in either enriched group when compared to the naive groups. Naive control mice, n ϭ 10; enriched control mice, n ϭ 10; naive FB-KO mice, n ϭ 9; enriched FB-KO mice, n ϭ 11. (B) Three day retention of novel object recognition memory in FB-KO and control mice after 2 weeks of enrichment. No enhancement was detected in either enriched group when compared to naive groups. Naive control mice, n ϭ 10; enriched control mice, n ϭ 10; naive FB-KO mice, n ϭ 9; enriched FB-KO mice, n ϭ 11. (C) Enhanced contextual fear memory in both FB-KO mice and control mice after 2 weeks of prelearning enrichment. There is no difference in the 24 hr retention tests between enriched control and enriched FB-KO mice (p Ͼ 0.05, post hoc analysis). Naive control mice, n ϭ 10; enriched control mice, n ϭ 10; naive FB-KO mice, n ϭ 11; enriched FB-KO mice, n ϭ 11. (D) Enhanced cued fear memory in FB-KO and control mice after 2 weeks of prelearning enrichment. There was no difference between the enriched groups (p Ͼ 0.05, post hoc analysis). Naive control mice, n ϭ 10; enriched control mice, n ϭ 10; naive FB-KO mice, n ϭ 11; enriched FB-KO mice, n ϭ 11. Data were calculated as mean Ϯ SEM.
ing behavioral performance in fear conditioning tasks. age of newly acquired memory. These observations prompted us to examine whether FB-KO and control Interestingly, a comparison between the genotypes within enriched groups did not reveal any differences, mice respond differently to postlearning external events, such as postlearning enrichment activities, and whether indicating that FB-KO mice preserved normal responsiveness to enrichment procedures despite the lack of neurogenesis could alter previously formed memories. We designed a learning-enrichment-retention test PS1 expression in forebrain regions. Thus, our above experimental paradigms on both naparadigm. We focused on the contextual and cued fear conditioning tests for three reasons: first, unlike the waive and enriched mice suggest that the large accumulations of APP-CTF and APLP1-CTF and a deficiency in ter maze, which requires repetitive training trials and involves rather complex external cues and multiple stratenrichment-induced adult neurogenesis in the FB-KO brain did not lead to memory deficits in either hippocamegies/procedures, fear conditioning cues are simple and clearly defined (shock chamber, grid floor, and tone); pal-dependent (contextual memory, hidden-platform water maze, and novel object recognition) or hippocamsecond, unlike the novel object recognition test, fear learning occurs in seconds, and the memory is robust pal-independent (cued fear conditioning) memory tests. and long lasting; and third, lesion studies show that the hippocampus is a site for temporary storage and Differential Alterations of Contextual Memory by Postlearning Enrichment retrieval of contextual memory up to 2-3 weeks after initial learning (Kim and Fanselow, 1992). Moreover, our It is well established that postlearning external events can influence or interfere with the processing and storrecent studies using an inducible gene knockout tech- nique revealed that there is a time-limited period (initial Discussion weeks) during which postlearning NMDA reactivation Important Role of PS1 in Regulating is required for the consolidation of long-term memory Adult Neurogenesis (Shimizu et al., 2000) .
In our current study, we used our previously established We trained a set of naive mice using fear conditioning region-specific Cre/loxP system and generated a mouse training on day 1 and then kept one group of FB-KO model in which PS1 is selectively deleted in the forebrain and littermate controls in their home cages for 2 weeks regions. In light of the lethality and severe develop-(naive group). Another group of mice were subjected to mental abnormalities of conventional PS1 knockouts, 2 weeks of daily enrichment (3 hr/day) (postlearningwe were somewhat surprised that the postnatal deletion enriched group). The retention tests on contextual and of PS1 in the forebrain regions did not lead to any overt cued fear memories in those mice were then conducted impairment in synaptic electrophysiology or basic learnon day 15. Consistent with the results obtained for 1 ing and memory, even at relatively advanced ages. day retention tests (Figures 5E and 5F 2000) , it is during the probe test conducted after 6 days of training. not clear whether its detrimental effects on learning can The mice used in all our behavioral experiments were be solely attributed to the reduction in adult neurogenat more advanced ages (between 10-and 17-monthsesis. Our observation of deficiency in enrichmentold) compared to the younger mice (5-or 8-months old) dependent neurogenesis in the PS1 conditional knockused in Yu et al. (2001) ; therefore, our mice should, in out mice now allows us to genetically test the correlation theory, be more sensitive for the detection of any potenbetween adult neurogenesis and memory formation. tial cognitive impairments. We also did not think that Such "correlation analysis" approaches that do not necage variations in our animal population could explain the essarily give simple answers are powerful methods to difference between the two studies. The vast majority of associate or, particularly, to disassociate the relationanimals described in our various behavioral tasks were ships of complex phenomena in biological systems such in fact between 12-and 15-months-old, which is close as cellular changes and cognitive behaviors (for a reto the ages of the mice used for BrdU-labeling studies.
view, see Tsien, 2000) . To confirm our impression that there was no difference Because there is a significant difference in enrichin memory performance as a function of age in the mice ment-induced neurogenesis, we reasoned that if adult we used, we conducted further "regression analysis" neurogenesis is essential for the formation of new hippo-(see Experimental Procedures) and concluded that the campal memory, we may find that FB-KO mice do not age difference did not contribute to the performance do as well as their littermate controls if both are subdifference. Furthermore, normal basic learning and jected to prelearning enrichment. Therefore, we dememory function in our FB-KO mice was further supsigned an enrichment-learning-retrieval paradigm to inported by similar findings from our three additional vestigate whether the difference in enrichment-induced learning tests: novel object recognition, contextual fear neurogenesis between conditional mutants and controls conditioning, and cued fear conditioning.
would lead to any observable differences in memory In our present study, we focused on the effect of PS1 function. Interestingly, in the three different learning deletion on enrichment-induced adult neurogenesis in tasks, we did not observe any differences in perforthe dentate gyrus and on the effect of deficient adult mance between prelearning-enriched FB-KO and conneurogenesis on synaptic transmission, synaptic plastrol mice. Combining the normal learning and memory ticity, and various aspects of memory processes.
performance of naive mouse groups, our behavioral exUsing BrdU-labeling techniques and quantitative periments on prelearning-enriched animals, while not measurements, we repeatedly found a consistent reducexhaustive, appear to suggest a disassociation between tion of enrichment-induced neurogenesis in the dentate adult neurogenesis and learning (in at least three types gyrus in FB-KO mice, indicating the essential role of of learning tasks). In consideration of a widely held view PS1 activity in activity-dependent neurogenesis in the that memory in the mammalian brain is encoded and adult brain. Because of the potential implication of neudistributed mainly among the preexisting neurons in the rogenesis for therapeutic treatments of various neuronetwork, our finding may not be entirely surprising, since degenerative diseases, there is enormous interest in adult-generated newborn neurons constitute a tiny fracunderstanding the basic mechanisms underlying the tion of total neurons in the network (e.g., 0.0025%-regulation of adult neurogenesis in the brain. Our study 0.03% of dentate granule cells estimated in our 12-now reports a crucial gene that regulates experiencemonth-old mice), thus the addition of new neurons dependent neurogenesis in the adult mammalian brain. through adult neurogenesis is not essential for learning. We considered several other scenarios that may potentially affect the above interpretation. For example, Moreover, when viable conventional PS2 knockout mice were crossed with conventional PS1 knockout mice, the enrichment produces a variety of neurogenesis-independent changes that contribute to the observed phenodouble-knockout mice died much earlier (at embryonic day 9.5), showing phenotypes that closely resemble type. Specifically, there may be differential changes induced by enrichment in electrophysiological properties mice with a Notch 1 deficiency (Donoviel et al., 1999) . Therefore, it would be useful to generate conditional and synaptic plasticity in the hippocampal circuits of control and FB-KO mice. Our finding of indistinguishable PS1/PS2 double-knockout mice in the future, not only to address the issues of genetic compensation, but also dentate synaptic transmission and LTP between control and FB-KO mice either before or after enrichment seems to create more complete phenotypes that should further facilitate data interpretation.
Considering the emerging evidence for PS1 in inter-
to argue against this scenario. Another potential scenario is that differential changes in the structures of the existing neurons between the Role of Dentate Neurogenesis in Hippocampal control and FB-KO mice were the main reason for proMemory Clearance?
ducing the difference in contextual memory retrievals Given the significant deficiency in enrichment-induced under the training-enrichment-retrieval paradigm (Ramneurogenesis in the FB-KO model, we considered an pon and Tsien, 2000; Rampon et al., 2000b). However, alternative role for adult neurogenesis; adult neurogenthere are two pieces of evidence that do not support esis in the dentate gyrus may represent a powerful this notion. First, if this is the case, we might expect to mechanism for a clearance process of outdated memory see some performance differences between prelearntraces in the hippocampus after the memory is transing-enriched FB-KO and control mice, which we did not. ferred and consolidated in the cortex, thus allowing the Second, there was no difference in tone-elicited fear hippocampal system to be continuously available to profreezing responses between genotypes in the postlearncess new memories. Our notion is based on three coning-enriched animals ( Figure 7C ), because this type of siderations: (1) theoretical works predict that the addicued fear memory is sensitive to the enhancement effect tion of new neurons into the learned network can result of enrichment and was also equally enhanced by prein "interference" of stored information (McClelland et learning enrichment in both FB-KO and control mice al., 1995); (2) adult-generated neurons in the dentate ( Figure 6D ). gyrus are known to rapidly make new synapses into the CA3 region, thus, they should be capable of altering the firing patterns of the neural network (Gaarskjaer, 1986;  Theoretical Considerations for Dentate Neurogenesis as a Memory Hastings and Gould, 1999); (3) these adult-generated new neurons in the rodent dentate gyrus are short-lived, Clearance Mechanism Why should memory traces in the hippocampus be detypically with a life span of 3 weeks after their generation (Cameron et al., 1993; Hastings and Gould, 1999) , and stabilized periodically by adult dentate neurogenesis? The hippocampus is crucial for converting short-term the 3 week turnover rate of these newborn neurons correlates well with the stability of hippocampal memory memories into long-term memories (Squire, 1987; Cohen and Eichenbaum, 1993) and can process and temporarbefore being transferred elsewhere (Kim and Fanselow, 1992; Shimizu et al., 2000) . ily store new memories during this transition period before transferring those labile memories to the cortex for To test the "neurogenesis-memory clearance" hypothesis, we designed a learning-enrichment-retrieval permanent storage. In rodents this transition period is often about 3 weeks, which coincides with the turnover paradigm for fear conditioning. The paradigm that we used to assess the stability of memory traces in the rate (3 weeks) of adult generated neurons in the dentate gyrus. Because the hippocampus has limited storage hippocampus was the contextual fear conditioning test. This task is particularly suitable for the study of the capacity, such a closely correlated time course makes dentate neurogenesis an attractive mechanism to destability of memory traces because learning occurs in a single trial (in seconds), and the hippocampus is known grade those temporarily stored memory traces in the hippocampus once the consolidation of cortical memoto be a temporary processing and storage site for contextual fear memory for up to 3 weeks after initial learning ries has taken place, thus preventing the hippocampus from overload and making room for a new round of (Kim and Fanselow, 1992; Shimizu et al., 2000) .
Using such a paradigm, we have indeed found that memory acquisition and processing. This neurogenesis-memory clearance hypothesis has PS1 FB-KO mice showed significantly more freezing responses ( Figure 7D ) than the controls did at the 15 day three major predictive features. First, the neurogenesisbased memory clearance should be a time-dependent retention test, whereas, in the same groups of FB-KO mice, the tone-elicited fear memories were similar in process, because continuous production and periodic turnover of newborn neurons predict that neurogenesiscomparison to control mice ( Figure 7C ). This observation is consistent with the notion that active neurogenesis based destabilization of memory traces is a gradual and accumulative process. Second, such a clearance in the dentate gyrus of the control mice degraded the memory traces selectively in the hippocampus, but not mechanism should be preserved in many mammalian species and should be available throughout the entire in the amygdala. Moreover, deficient dentate neurogenesis in FB-KO mice prevented the clearance process of adult life. Recent findings that neurogenesis occurs in the dentate gyrus of monkeys and humans, even at contextual memory traces in the hippocampus, thereby resulting in better retrievals of 2-week-old contextual old ages, appear to be consistent with our hypothesis (Gould, et al., 1999c; Kornack and Rakic, 1999; Eriksson, fear memories. All BrdU-labeled, BrdU/NeuN, or BrdU/GFAP double-labeled cells p Ͻ 0.05. LTP was usually examined in only one or two slices per animal. In the latter case, the data from the two slices of the same in the hilus, subgranular zone (SGZ), granule cell layer (GCL), and molecular layer (ML) were systematically counted in every eighth animal were averaged prior to the analysis of group statistics. Thus, the sample sizes given in the figures are animal counts. Statistical coronal section covering the complete dentate gyrus. The corresponding sample volumes, the total volume of dentate gyrus, and differences between group means were evaluated using one-way ANOVA (with Ducan's multiple range test for post hoc comparison) the absolute numbers of granule cells were determined in serial sections stained with Nissl and/or eosin (which labels nuclei). The and two-tailed t test. measurements were conducted stereologically by a semiautomatic system on an Olympus microscope equipped with Image-Pro softAges of Mice Used for Behavioral Experiments ware and a video camera. The section thickness of 25 m (cryostat The mice used in all behavioral experiments were between 10-and setting) was used in the dissector. The resulting neuronal density 17-months-old. However, overwhelming numbers of animals described was multiplied by the total volume to assess the total number of in various behavioral tasks (a total of 64 control and 68 FB-KO mice) dentate granule cells. The SGZ was defined as a two-cell-bodywere in fact between 12-and 15-months-old, which is close to the wide zone along the border of the GCL and hilus. The numbers of ages of the mice used for BrdU-labeling studies. Only several of the labeled cells were estimated bilaterally and analyzed using onemice used were at either end of the age scale (10-, 16-, or 17-monthway ANOVA followed by Tukey post hoc comparisons. Data was old). Across all the ages, we did not see any statistical differences expressed as mean Ϯ SEM.
in memory performance as a function of age. For example, in Figure 7 , which highlights the memory clearance effect in enriched PS1 knockout mice, the majority of both naive Hippocampal Electrophysiology and enriched control mice as well as naive and enriched knockout For the study of synaptic physiology, transverse hippocampal slices mice were about 11-to 14-months-old, and we saw no difference were prepared from mice between 9 and 13 months of age and of in their performance as a function of age. either sex. Hippocampal slices were isolated and maintained as
We further conducted regression analysis for each of the four described (Holst et al., 1998). Since disinhibition is typically needed groups in both contextual and cued fear memory as the function of in order to elicit LTP in the dentate gyrus in vitro, we routinely age and found no difference within the age groups. . Briefly, mice were handled for 1 week and then individually forms in the s. moleculaire began with a presynaptic fiber volley habituated to the test box for 5 days. During training sessions, two that either preceded or coincided with the beginning of the field novel objects were placed into the box, and the animal was allowed EPSP (Figure 4B, arrow) .
to explore them for 15 min. During retention tests, one of the familiar The standard test cycle consisted of a single stimulation applied objects used during training was replaced by a novel object, and to the LPP (the control pathway) followed by the application of a the mouse was allowed to explore freely for 5 min. A preference sequence of five stimuli to the MPP, each applied at a different level index, a ratio of the amount of time spent exploring the familiar and 10 s after the former. The stimulus level changes were controlled object or the novel one over the total time spent exploring both through the programmed modification of voltage command steps objects, was used to measure recognition memory. Data were calcusent to an analog stimulus isolation unit (Model 2200, A-M Systems). lated as mean Ϯ SEM. ANOVA and post hoc Dunnett's test were Each recording began with a preliminary i/o determination and the used to determine genotype effects on the behavioral responses. selection of a sequence of increasing stimulus levels that would start by eliciting a field EPSP that was between 0.2mV and 0.5mV
Water Maze Tests in amplitude and ended by eliciting a granule cell (GC) population Experiments and analysis were the same as described previously spike. This generally involved an ‫-2ف‬fold increase in stimulus (Tang et al., 1999) . All mice were accustomed to handling for 1 week strength, starting from as low as 6 A. The strongest stimulus apbefore actual training begin (four sessions per day for 6 days). The plied in this study was 35 A. All stimuli were 200 s in duration.
transfer tests were conducted on day 7. Data were calculated as The recording electrodes were glass micropipettes filled with ACSF mean Ϯ SEM. ANOVA and post hoc Dunnett's test were used to (2-5 M⍀). The electrode potentials were amplified 1000 times, lowdetermine genotype effects on the behavioral responses. pass filtered at 5 kHz, and then digitized at 10 kHz for online analysis and later review. 
